Patients: 182 patients with moderate to very severe COPD and a history of recent exacerbations.
C
hronic obstructive pulmonary disease (COPD) is characterized by an abnormal inflammatory response of the airways to the inhalation of noxious particles or gases, such as cigarette smoke. With disease progression, marked by a decline in FEV 1 , patients develop systemic consequences and become prone to infectious exacerbations (1) . Of note, low serum 25-hydroxyvitamin D (25- [OH]D) levels, reflecting vitamin D status, are associated with impaired FEV 1 (2) , and we demonstrated that vitamin D deficiency (defined as serum 25-[OH]D levels Ͻ20 ng/mL by the Institute of Medicine [3] ), is present in 60% to 75% of patients with severe COPD (4) . Whether such deficiency is only the consequence of COPD or may causally contribute to the pathogenesis of COPD is unclear.
Traditionally, vitamin D is associated with bone health (5) , but large epidemiologic studies have associated low serum 25-(OH)D levels with autoimmune diseases; cancer; cardiovascular diseases; and infections, including respiratory tract infections and tuberculosis (6 -10) . However, few randomized, controlled trials have examined the effects of vitamin D supplementation on these important health outcomes. Moreover, recent studies of vitamin D supplementation in patients with multiple sclerosis (11) , diabetes (12) , influenza (13) , and tuberculosis (14) have reported disappointing results. A reason for these negative results may be found in insufficient vitamin D supplementation, because no clear evidence nor consensus exists on what minimum serum levels are needed to achieve these "extraskeletal" effects. On the basis of observational data, experts have suggested that in contrast to obtaining beneficial effects on the bone, higher serum levels (30 to 50 ng/mL) are needed, requiring more aggressive supplementation regimens (15) (16) (17) . One recent intervention study in tuberculosis corroborates with this idea (18) . Overall, an extensive expert analysis of the potential effects of vitamin D supplementation on the health outcomes of North American participants concluded that evidence for extraskeletal benefits of vitamin D therapy is insufficient and that only new randomized, controlled trials can define such effects (19).
Particularly for COPD, the vitamin D pathway is an attractive target for intervention studies because vitamin D deficiency may enhance chronic airway and systemic inflammation, reduce bacterial clearance, and increase the risk for infectious exacerbations at the same time (20) . Therefore, we aimed to explore the effect of adequate vitamin D supplementation on exacerbations in patients with moderate to very severe COPD. We report the efficacy and safety of long-term, high-dose vitamin D supplementation in patients with COPD prone to exacerbations.
METHODS

Study Design and Participants
Our study was a single-center, double-blind, randomized, placebo-controlled intervention trial. Patients were screened for eligibility at the University Hospitals Leuven, Leuven, Belgium, over a 1.5-year recruitment period in 2008 and 2009 . Eligible patients were current or former smokers, were older than 50 years, had a diagnosis of COPD according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) definition (postbronchodilator FEV 1 -FVC ratio Ͻ0.7), and had an FEV 1 less than 80% predicted. Patients were excluded if they had a history of hypercalcemia, sarcoidosis, or active cancer. Treatment with vitamin D supplements for newly discovered symptomatic osteoporosis and long-term azithromycin treatment, with antibacterial and anti-inflammatory functions, were additional exclusion criteria, because they could interfere with 25-(OH)D dosages and exacerbation analyses (21). All participants provided written informed consent. The study was approved by the local ethics review committee of the University Hospitals Leuven and was registered with ClinicalTrials.gov (NCT00666367).
Randomization and Masking
Randomization was performed in 2 strata: one group of vitamin D-naive participants and one group of participants receiving low-dose vitamin D supplements (400 to 880 IU/d) for osteoporosis at baseline. We randomly assigned participants in blocks of 20 to overcome seasonal influences on baseline characteristics. In each consecutive block, participants were allocated in a 1:1 ratio to receive a monthly oral dose of 100 000 IU of vitamin D (4 mL of D-Cure [manufactured and provided by Laboratoires SMB, Brussels, Belgium]) or placebo (4 mL of arachidis oleum) in addition to their regular treatment. Pharmacists of the University Hospitals Leuven, who were independent from the clinical study team, randomly assigned participants by using a computer-generated randomization list and prepared the study medication. Vitamin D and placebo were prepared in oral syringe dispensers, were identical in appearance and taste, and were numbered according to the randomization schedule. After the last participant completed the trial, masking continued until all data were entered in a database, which was verified and locked before unblinding in July 2010.
Procedures
Patients were screened during hospitalization for an exacerbation or before referral for respiratory rehabilitation. Randomization occurred 5 to 6 weeks after screening if the participant had convalesced. If not, randomization was postponed until steroid, antibiotic, or combination treatment was completed and spirometric values were similar to preexacerbation values. Baseline characteristics included the Body-Mass Index, Airflow Obstruction, Dyspnea, and Exercise Capacity (BODE) Index, a multidimensional, COPD-specific, 10-point scale in which higher scores indicate a higher risk for death (22) , and the Charlson comorbidity index, a non-COPD-specific but validated comorbidity index (23) . After randomization, follow-up visits occurred every 4 months (at 4, 8, and 12 months). The primary end point was the time to first exacerbation. Secondary end points were exacerbation rate; time to first hospitalization; time to second exacerbation; FEV 1 (24) ; quality of life, as measured with the Chronic Respiratory Questionnaire (CRQ) (scores for dyspnea, emotion, fatigue, and mastery) (25) ; and death. In addition to these clinical end points, bacterial presence in morning sputa, plasma cathelicidin levels, serum 25-(OH)D levels, and blood monocyte capacities for phagocytosis were determined in a blinded manner (Appendix, available at www.annals.org).
The clinical study team remained blinded to these results until the database was locked. We defined COPD exacerbations as sustained worsening of respiratory symp-
Context
The association between low serum vitamin D levels and more severe chronic obstructive pulmonary disease (COPD) suggests that vitamin D supplementation might be beneficial for COPD treatment.
Contribution
In this randomized trial, supplementation with vitamin D did not reduce the number of acute exacerbations of COPD nor improve lung function, compared with placebo. A post hoc analysis suggested possible benefit in patients with the lowest baseline vitamin D levels.
Implication
Vitamin D supplementation does not seem to be beneficial for COPD, although further study may be warranted to assess whether it might help certain patient groups.
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Original Research High Doses of Vitamin D to Reduce COPD Exacerbations toms during 48 hours and requiring oral corticosteroid, antibiotic, or combination treatment that was initiated by a physician. Respiratory symptoms included at least 1 of the Anthonisen criteria (26) (increased dyspnea, sputum volume, or sputum purulence) with or without minor symptoms, such as cough, fever, common cold, wheezing, or sore throat. Time to first exacerbation was assessed by quantifying the days between randomization and the first exacerbation. To obtain data on exacerbations, we asked participants to complete diaries every 2 weeks that detailed respiratory tract symptoms, visits to health care providers, hospitalizations, and changes in medication. At each visit, diaries were reviewed in the participant's presence and the general practitioner was contacted in case of doubt, missing data, or suspicion of self-medication.
Spirometry was repeated at each visit by using standard equipment (CareFusion, Vilvoorde, Belgium) and was performed according to American Thoracic Society/ European Respiratory Society guidelines (27) . To monitor safety, we collected blood samples every 4 months to measure serum calcium and phosphate levels. After a protocol amendment halfway through the trial, we collected urine samples to better document the safety profile of the study drug. From that point on, all participants (n ϭ 79) collected 24-hour urine the day before the last study visit to measure urinary calcium level, the calcium-creatinine ratio, and the glomerular filtration rate.
Statistical Analysis
The study was designed to demonstrate a minimum delay of 25% in the time to first exacerbation when comparing the vitamin D group with the placebo group. As we enrolled patients who were recently treated for an exacerbation, we based our assumptions on the MOSAIC (Moxifloxacin Compared to Standard Antibiotics for Acute Exacerbations in Chronic Bronchitis) trial (28) , which best resembled our study sample and showed a mean time to next exacerbation of 130 days (SD, 70) after a first exacerbation. Based on t test statistics, a sample size of 57 participants in each group was needed to demonstrate a 25% delay in time to first exacerbation, with 80% power at 5% significance. Because approximately 20% of our participants were receiving low-dose vitamin D supplements for osteoporosis prevention (which was not an exclusion criterion), and given an estimated maximum rate of 15% of participant withdrawals without follow-up, 180 participants had to be randomly assigned to end up with at least 120 vitamin D-naive participants at inclusion. All analyses for exacerbations, deaths, and serum 25-(OH)D levels used the intention-to-treat (ITT) population, defined as all randomly assigned participants who received at least 1 dose of study medication. All available data were used for the ITT analysis. On-treatment analyses for these variables are reported in the Appendix.
Time to first or second exacerbation and time to first hospitalization in both groups in the ITT population were compared by using Kaplan-Meier curves and log-rank tests. We calculated the mean number of exacerbations per patient-year by dividing the total number of exacerbations by the total years of follow-up in the ITT population. Exacerbation rate in the ITT population was analyzed with a generalized linear model for a Poisson distribution, correcting for duration of treatment exposure and overdispersion. Because age, FEV 1 , GOLD stage, and smoking status did not have a statistically significant influence on our model, we did not include these covariates in the final analysis (29) . In a post hoc analysis for exacerbation rate, a similar generalized linear model for a Poisson distribution was applied in the ITT population but with correction for baseline serum 25-(OH)D levels and for the interaction of these levels with treatment. All further subgroup analyses (time to first exacerbation, exacerbation rate, and serum 25-[OH]D levels) in participants receiving low-dose supplements, vitamin D-naive participants at baseline, or participants with severe vitamin D deficiency (defined as having serum 25-[OH]D levels Ͻ10 ng/mL) were post hoc.
Serial FEV 1 , CRQ scores, plasma cathelicidin levels, serum 25-(OH)D levels, and bacterial presence in morning sputa over 1 year were predefined secondary end points. They were compared in a linear mixed-model analysis, with visit number as the repeated measure and the respective marker as the dependent variable, in the ITT population. Two-way analysis-of-variance P values of treatmentby-visit interaction are reported. Posttests to compare differences per visit were performed by using t test statistics with unadjusted P values. Chi-square statistics were used to compare proportions of participants with hypercalcemia (during the study) and hypercalciuria (at the end of the study) between the groups at every visit. To compare the monocyte capacity for phagocytosis between the groups at the end of the study, we used t test statistics. Subgroup analysis of monocyte capacity for phagocytosis and plasma cathelicidin levels in participants with severe vitamin D deficiency at baseline were post hoc analyses. Effect sizes between groups of primary or secondary outcomes are given with P values and 95% CIs. P values less than 0.05 are considered statistically significant. Analyses were performed with SAS software, version 9.1 (SAS Institute, Cary, North Carolina), and GraphPad Prism 4.01 for Windows (GraphPad Software, La Jolla, California).
Role of the Funding Source
The Applied Biomedical Research Program, Agency for Innovation by Science and Technology (IWT-TBM), provided funding for the study, and Laboratoires SMB provided the study medication. These sources were not involved in the study design; collection, analysis, or interpretation of data; or in prepartion or submission of the manuscript for publication. Figure 1 shows the study flow diagram. Of 419 screenings, 340 patients were eligible for inclusion; 182 (54%) were randomly assigned. One hundred fifty (82%) participants completed the study, 15 (8%) died, and 17 (9%) were classified as withdrawals with no differential dropout between the 2 groups. Sixteen participants completed follow-up but were removed from a prespecified on-treatment analysis for serum 25-(OH)D levels because they had started vitamin D supplementation or long-term azithromycin treatment during the study (Appendix Figure 1 , available at www.annals.org). Among the 17 withdrawals, medication was stopped, but the study team continued collecting data on exacerbations and deaths. From 10 of the 17 participants, we were able to contact the general practitioner and collected information on deaths and exacerbations (time to first exacerbation and exacerbation rate). We did not have follow-up data on exacerbations for the remaining 7 participants, but we still had access to their files to complete data on deaths. Overall, we collected information on exacerbations and survival in 175 (96%) and 182 (100%) participants, respectively.
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RESULTS
Study Recruitment and Follow-up
Baseline Characteristics
The Table shows the baseline characteristics of the participants. Study inclusion required that the participant not be receiving antibiotic and oral steroid treatment for an acute exacerbation. However, 14% of the participants were considered to be steroid-dependent, and the stable pretrial maintenance dose (4 mg of methylprednisolone) was continued during the study. Eighty-two percent of the participants were receiving maximum inhalation therapy (inhaled corticosteroid plus long-acting ␤-agonist plus long-acting anticholinergic drug therapy) before inclusion; this proportion did not change during or at the end of the study (84%). Forty (22%) ITT ϭ intention-to-treat. (Figure 2, B) . The annual rate of exacerbations was 2.8 per patient-year in the vitamin D group and 2.9 in the placebo group, resulting in a nonsignificant rate ratio of 0.94 (CI, 0.76 to 1.16; P ϭ 0.57). We did not find a significant difference in the median time to first hospitalization for an exacerbation (HR, 0.84 [CI, 0.50 to 1.40]; P ϭ 0.50) (Figure 2, C) . A total of 152 exacerbations resulted in hospitalization: 79 in the vitamin D group and 73 in the placebo group (rate ratio, 1.13 [CI, 0.70 to 1.82]; P ϭ 0.62).
Death, FEV 1 , and Quality of Life
Fifteen deaths occurred within 1 year after randomization: 11 of respiratory disease, 1 of lung cancer, 2 of cardiac disease, and 1 of unknown cause. The proportions of deaths from any cause were 10% in the vitamin D group and 7% in the placebo group (rate ratio, 1.5 [CI, 0.56 to 4.04]; P ϭ 0.42). Kaplan-Meier survival analysis showed no significant difference in survival between the groups (HR, 0.69 [CI, 0.25 to 1.90]; P ϭ 0.47) (Figure 2, D) . Linear mixed-model analysis showed no significant differences in CRQ dyspnea, emotional, mastery, and fatigue scores and in FEV 1 between the group at any time during follow-up (Appendix Figure 2 and Appendix Table 1 , available at www.annals.org).
Efficacy of Supplementation
Serum 25-(OH)D levels in the ITT population were measured during 90% of the visits. At baseline, mean serum 25-(OH)D levels did not differ between the vitamin D group (20 ng/mL [SD, 12] ) and the placebo group (20 ng/mL [SD, 11]) (Figure 3, A; and Appendix Table 2 , available at www.annals.org). Vitamin D supplementation resulted in a steep and significant increase in serum 25-(OH)D levels that remained stable during the study (52 ng/mL [SD, 16] ) (mean between-group difference, 30 ng/mL [CI, 27 to 33 ng/mL]; P Ͻ 0.001) (Figure 3 , A, and Appendix Table 2) . A post hoc analysis in the subgroup of vitamin D-naive participants (n ϭ 142) demonstrated that mean serum 25-(OH)D levels at baseline were lower than those of the ITT population, but that the subgroup received equal, effective supplementation. However, the time to first exacerbation and annual rate of exacerbations or other outcomes did not differ in this subgroup (Figure 3 , B, and Appendix Table 2 ). Data from the subgroup of participants receiving low-dose supplements at baseline are not reported.
Interaction Between Vitamin D Supplementation and Baseline Serum 25-(OH)D Levels
Because a post hoc analysis on the rate of exacerbations in the ITT population demonstrated a significant interaction in treatment by baseline serum 25-(OH)D level (P ϭ 0.027), we performed a further subgroup analysis for participants with severe vitamin D deficiency at baseline (serum 25-[OH]D levels Ͻ10 ng/mL). Among these 30 participants, 15 were randomly allocated to receive vitamin D supplementation, which resulted in a significant increase in serum 25-(OH)D levels (from 8 ng/mL [SD, 2] to 50 ng/mL [SD, 15] ; mean between-group difference, 38 ng/mL [CI, 33 to 44 ng/mL]; P Ͻ 0.001). Although the time to first exacerbation did not differ in this subgroup, the rate of exacerbations per patient-year decreased by 43% (rate ratio, 0.57 [CI, 0.33 to 0.98]; P ϭ 0.042) (Figure 3, C) . 
Safety
Blood samples were available in 90% of the study visits for the ITT population. Mean serum calcium and phosphate levels did not differ between the groups at any time during follow-up (mean between-group difference in calcium levels, 0. Table 3 , available at www.annals.org). At 4 months, 4 cases of mild and asymptomatic hypercalcemia (defined as serum calcium levels between 2.63 and 2.75 mmol/L [10.5 and 11.0 mg/dL]) were detected in the vitamin D group compared with 0 cases in the placebo group (P ϭ 0.043). Despite continuation of the study medication, hypercalcemia spontaneously resolved with normal serum calcium levels at 8 and 12 months. No cases of hypercalciuria (defined as urinary calcium levels Ͼ7.5 mmol/d [Ͼ300 mg/d]) were detected at the end of the study (Appendix Table 3 ).
Bacteriology, Plasma Cathelicidin Levels, and Monocyte Phagocytosis
Plasma cathelicidin levels were not affected by serum 25-(OH)D levels or supplementation (Appendix Figure 3 , available at www.annals.org). Monocyte capacity for phagocytosis in the vitamin D group was significantly better than that in the placebo group (P ϭ 0.002); this difference was more pronounced in the subgroup of participants with severe vitamin D deficiency at baseline (Appendix Figure 4 , available at www.annals.org). No effect of vitamin D on the rate of detecting pathogenic strains or on the total number of colony-forming units was observed (Appendix Table 4 , available at www.annals.org).
DISCUSSION
This study is, to our knowledge, the first randomized, placebo-controlled trial to examine the efficacy and safety of long-term and high-dose vitamin D supplementation in COPD. The main finding is that a monthly dose of 100 000 IU of vitamin D in addition to regular therapy COPD (2, 4, 6 ), but is consistent with recent data from the Lung Health Study (30) , which showed that vitamin levels did not determine the rate of decline in FEV 1 in a limited subgroup. In addition, most intervention trials of vitamin D supplementation targeting extracalcemic effects in other chronic diseases have shown disappointing results (12, 14, 31) . Because the absence of clinically significant effects in such trials may relate to a lack of power, insufficient supplementation, or insensitive end points, we specifically designed our study to overcome some of these concerns. We carefully assessed the effect of a monthly dose of 100 000 IU of vitamin D on serum 25-(OH)D levels at several time points during the trial. Active treatment resulted in mean serum 25-(OH)D levels of 52 ng/mL (SD, 16), which is within the therapeutic range to obtain the hypothesized extracalcemic effects (15) . In addition, we selected a study sample prone to severe exacerbations (32) by recruiting most (81%) participants during a hospitalization for an acute exacerbation. Consequently, the average number of exacerbations observed (2.9 per patient-year) was higher than that usually found in large intervention trials of inhalation therapy in participants from an outpatient clinic, thereby enhancing the power to detect significant differences (33, 34) . However, the original power calculations, based on a t test to evaluate the difference in the mean time to first exacerbation, did not consider the skewed distribution of the data on exacerbations. Although the limited sample size provided insufficient power to demonstrate a clinically significant delay in time to first exacerbation, the survival curves for the time to first exacerbation almost completely overlapped (HR, 1.1 [CI, 0.82 to 1.56]) and the exacerbation rate did not differ (rate ratio, 0.94 [CI, 0.76 to 1.16] ). Thus, we think that the probability of making a type II error in our study was rather small.
The absence of therapeutic effect of vitamin D in our study sample may relate to the fact that most of our participants presented with severe COPD and were receiving maximum inhalation therapy. As all of these treatments are known to reduce exacerbations, any additional effect of vitamin D in addition to regular treatment is probably more difficult to obtain (33, 34) . Intervention in the earlier stages of COPD when patients receive fewer medications might therefore be more effective, which is consistent with the idea that such milder stages are also more sensitive to disease modification (35). Second, a post hoc analysis showed a significant interaction of baseline serum 25-(OH)D levels with intervention for exacerbation rates in the ITT population. Subsequently, our intervention in participants with severe vitamin D deficiency (Ͻ10 ng/mL) showed a statistically significant reduction in exacerbations of 43% over 1 year. In this subgroup, vitamin D treatment was associated with a significant increase in the monocyte capacity for phagocytosis. Considering the post hoc nature of the analysis and the small size of the subgroup, therapy should not be altered owing to these hypothesis-generating data. However, because 1 out of 6 participants in the trial presented with such asymptomatic, low serum 25-(OH)D levels at baseline that persisted during the study, further focus and future studies on this important subgroup may be warranted, eventually resulting in better patient-tailored interventions. Recently, a frequent exacerbator phenotype was identified suggesting that individualized therapy, including appropriate vitamin D supplementation, may become important (32) . Finally, we should note that the lack of an overall effect may be explained by local insensitivity to vitamin D because of smoking or chronic inflammation. Epigenetic silencing of vitamin D signaling has been described in several types of cancer, and similar mechanisms may apply to chronic inflammatory diseases, such as COPD (36 -38). Of note, we could not detect any differential effect of the treatment in former smokers or current smokers, with the limitation that the latter group was very small.
Our study also assessed the potential toxicity of prolonged and high-dose supplementation in patients with COPD, although we acknowledge that it was underpowered to determine long-term safety. Our data demonstrate that an average daily dose of more than 3200 IU of vitamin D during 1 year given as once-monthly 100 000 IU, which is more than 4 times the recommended dose for bone protection (39), introduced a small and transient risk for asymptomatic hypercalcemia. Because our blood samples were collected independently at drug intake, we recognize that other transient peaks of hypercalcemia in the days after ingestion may have been missed in some participants. This indicates that the upper limit of tolerability of 4000 IU/d, which is newly recommended and defined by the Institute of Medicine, may still be too high in elderly, sick patients (19).
Given the wide interest for vitamin D intervention trials in other chronic diseases, these findings may help to guide the design of and dosage in future trials. Although our results demonstrate that supplementation beyond what is recommended for bone health does not reduce exacerbations in patients with moderate to very severe COPD, they corroborate the suggestion that vitamin D deficiency is a potential risk in some patients. The dose used in our study was beyond the currently recommended daily requirements but yielded reliable levels of serum 25-(OH)D in all participants without any observed symptomatic calciumrelated toxicity. More studies in other chronic diseases are needed to further explore the need and safety for recommending these higher doses of vitamin D to obtain potential beneficial effects beyond bone health, particularly in vitamin D-deficient patients with immune-related diseases. 
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Plasma Cathelicidin Levels
Plasma cathelicidin levels were assayed by using an enzymelinked immunosorbent assay (Hycult Biotechnology, Uden, the Netherlands), according to the standard protocol.
Quantitative Bacterial Cultures
Participants were asked to collect a spontaneous morning sputum on the day of a study visit. A cooling box to transport the sample was provided, and participants were instructed to blow their nose and rinse their mouth with water before collecting sputum. Sputum was homogenized by adding 0.1% dithiothreitol, and serial dilutions were prepared in phosphate-buffered saline at 1:100, 1:1000, 1:10 000, and 1:100 000. These dilutions were cultured on chocolate agar, blood agar, MacConkey agar, and mannitol salt agar plates. Undiluted but homogenized sputum samples were also cultured on chocolate agar and blood agar plates. Colonies of bacteria were examined and identified after 24-hour incubation at 37°C. Colony-forming units were counted at their respective dilution in plates on which 1 to approximately 200 colonies could be differentiated.
Monocyte Phagocytosis Assay
The phagocytosis assay was performed by using the Phagotest Kit (ORPEGEN Pharma, Germany) containing fluorescein isothiocyanate (FITC)-labeled, opsonized Escherichia coli. Samples of 100 L of peripheral blood with heparin were cooled on ice for 15 minutes, mixed with 2 ϫ 10 7 FITC-labeled E. coli, and subsequently placed at 37°C for 10 minutes. Control samples were kept on ice to inhibit phagocytosis. Next, 100 L of brilliant blue (quenching solution) was added to delete fluorescence of nonphagocytosed bacteria sticking to the cellular membrane. After 2 washing steps, erythrocytes were lysed with lysis buffer for 20 minutes at room temperature. Three washing steps later, 50 L of propidium iodide was added to stain leukocytes and intracellular bacterial DNA. The percentage of phagocytosis-positive cells in the monocyte gate was assessed by flow cytometry.
Results
Exacerbations and Serum 25-(OH)D Levels in the On-Treatment Population
Kaplan-Meier survival analysis showed no significant difference in the median time to first exacerbation between the vitamin D group and the placebo group (HR, 1.15 [CI, 0.83 to 1.60]; P ϭ 0.39) (Appendix Figure 1, top) . Supplementation with vitamin D resulted in a steep and significant increase in serum 25-(OH)D levels that remained stable during the study (mean, 52 ng/mL [SD, 16] ), whereas baseline levels in the placebo group remained stable during the study (mean between-group difference, 30 ng/mL [CI, 27 to 33 ng/mL]; P Ͻ 0.001) (Appendix Figure 1, middle) . No difference in the annual rate of exacerbations was observed (P ϭ 0.99) (Appendix Figure 1, bottom) .
Lung Function
Spirometric data from the study visits at baseline and at 4, 8, and 12 months were analyzed for trends over time in FEV 1 . In 89% of the visits in the ITT population, appropriate FEV 1 measurements were obtained. Linear mixed-model analysis showed no significant differences in FEV 1 between the vitamin D and placebo groups, nor among study visits (P ϭ 0.87) (Appendix Figure 2 and Appendix Table 1 ).
Quantitative Bacterial Cultures
The nature of spontaneous morning sputa cultures did not significantly differ for pathogenic strains or for the total number of colonyforming units when comparing both groups (Appendix Table 4 ).
Monocyte Capacity for Phagocytosis
Monocyte function evaluated at the end of the study showed a significantly better capacity for phagocytosis in the vitamin D group than in the placebo group (P ϭ 0.002) (Appendix Figure  4 , top). The observed difference was more pronounced in the subgroup of participants with severe vitamin D deficiency at baseline (P ϭ 0.002) (Appendix Figure 4, bottom) . 
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Linear mixed-model analysis showed no significant differences between the groups and study visits (P ϭ 0.87). CFU ϭ colony-forming unit.
Appendix
* P values express differences between rows according to chi-square statistics. † Bacterial growth of upper airway commensal flora was not taken into account. ‡ P ϭ 0.056 between groups. § P ϭ 0.85 between groups. 
